Introduction
The culture of early stage mammalian embryos for prolonged periods in vitro is characterized by a general retardation in development compared to that in vivo (Tervit & Rowson, 1974; Harlow & Quinn, 1982; Cummins et al, 1986) . The development in culture of embryos from farm animals from the morula to the blastocyst stages occurs readily in a variety of different media (reviewed by Wright & Bondioli, 1981) but earlier stage embryos frequently block during culture at a stage specific to the species (Bavister, 1988) . Co-culture of embryos with oviduct cells has enabled a large proportion of sheep and cattle embryos to develop through these specific cell cycles in which development did not occur in chemically defined media (Eyestone et al, 1987; Gandolfi & Moor, 1987) .
In the goat there are no detailed reports on the cleavage rates of preimplantation embryos in vivo or in vitro. The limited data available suggest that Day 5-7 goat morulae and early blastocysts (Day 1 = day of mating) can be cultured in Dulbecco's phosphate buffer with 25% goat serum (Bilton & Moore, 1976) , whereas Wright & Bondioli (1981) reported that 89 1-to 8-cell goat embryos failed to develop past the morula stage when cultured in Whitten's medium or Hams FIO supplemented with 1-5% bovine serum albumin or 10% fetal calf serum. This indicates that goat embryos may have an in-vitro block at the early morula stage, in which an oviduct co-culture system may facilitate development as in sheep and cattle (Eyestone et al, 1987; In the present study we present a detailed description of the cell number and rates of development of goat embryos in vivo. The development of early stage goat embryos in simple chemically defined media and in a goat oviduct epithelial cell co-culture system was also studied and the development of preimplantation goat embryos through various cleavage and developmental stages in vitro is reported. (Cameron et al, 1988 (Salamonsen et al, 1985) . As the oviduct flushings were found to contain predominantly epithelial cells, a Ficol preparation was not utilized to prepare cultures in the studies reported in this paper.
Experiment I. Embryos were collected from superovulated goats 8, 16, 24, 36, 48, 60, 72, 84, 96, 120, 144 Before compaction estimates of cell number were made every 24 h by bright-field microscopy. Embryos in co-culture began to compact at the 8-cell stage, and so cell numbers were assessed by removing 4-8 embryos every 24 h, while in the culture medium alone embryos were removed at 120 h and 144 h after ovulation and assessed for cell number.
The viability of 16 I 2-cell embryos cultured in Medium E199 + 10%GS and 19 1 2-cell embryos in co-culture with oviduct cells was assessed at 24-h intervals, beginning at 120 h after ovulation, just before assessment for cell number, by exposure to fluorescein diacetate (FDA). The FDA technique was adapted from that used by Mohr & Trounson (1980) . Briefly, embryos were exposed to a solution of 2-5 pg FDA/ml Medium M2 Development ofgoat embryos in vivo. As shown in Fig. 1 (Fig. lb) .
Co-culture of 1-2-cell stage goat embryos. After 120 h in co-culture, 36/47 (77%) of the 1-2-cell stage embryos had developed to the 16-cell stage or beyond (Fig. la) (----) .
When compared to development observed in vivo, goat embryos in co-culture maintained a normal cleavage rate to the 8-cell stage (Fig. la) . At 72 h after ovulation there was no significant difference between mean cell number of co-cultured 1-2-cell stage embryos and embryos of similar age grown in vivo. In contrast, 1-2-cell embryos cultured in medium alone had significantly fewer cells at this stage (t = 701, < 0001). The time to cleave from the 8-to 16-cell stage in co-culture was approximately 50-60 h which was about 30 h longer than the time taken in vivo. Embryo development in co-culture became progressively more retarded after the 8-cell stage so that after 144 h of culture the cell numbers of 1-2-cell embryos developing in co-culture (47-6 ± 7-9) were approximately one-fifth of those in vivo (238-3 ± 27-2; t = 6-93, < 0001) (Fig. la) . This retardation in development was also evident when comparing the morphology of embryos. At (Fig. lb) . There was no difference in the rate of development of embryos cultured from the 1 -to 2-cell stage or 4-to 8-cell stage in co-culture. Embryos cultured from both stages did not differ significantly in cell numbers or morphology (Table 1) at any given time after ovulation.
Culture ofpost-compaction embryos. Compacted embryos cultured for 72 h in medium alone or in co-culture with oviduct cells showed no significant differences in their morphological appearance after culture (Table 1) . There was, however, a significant increase (t = 2-38, < 005) in the mean number of cells (±s.e.) of embryos co-cultured with oviduct cells (82-5 + 17-0) when compared to those cultured in medium alone (34-8 + 5-6), but not when compared to embryos developing from the same cell stage in Medium BM. Cell numbers of embryos in vivo (238 + 27-2) were significantly greater than those developing from the morula stage in co-culture (82-5 ± 170; t = 4-87, < 0001) and Medium BM (103 + 24-2; t = 3-97, < 0001) at 168 h after ovulation (Fig. lc) .
Discussion
Cleavage of goat embryos in vivo is characterized by an extended 8-16-cell stage followed by a period of rapid cleavage after compaction. A similar prolonged 8-16-cell stage has been demon¬ strated in the sheep, and is associated with activation of the embryonic genome (Crosby et al, 1988) . The lengthened cleavage stage in vivo and its link to embryonic genome activation is also evident in the mouse at the 2-cell stage (Goddard & Pratt, 1983) and the pig at the 4-cell stage (reviewed by Davis, 1985) . In a number of species, the stage of embryonic development that coincides with activation of the embryonic genome has also been susceptible to blocks in culture. For example, sheep embryos are difficult to culture through the 8-16-cell stage, certain strains of mice block at the 2-cell stage and pig embryos block at the 4-cell stage in vitro (reviewed by Bavister, 1988 (Eyestone et al, 1987; Gandolfi & Moor, 1987) and by the use of mouse oviduct organ expiant cultures in the mouse and hamster (Whittingham & Biggers, 1967; Minami et al, 1988 (Gaunt, 1985; St-Jacques & Bleau, 1988) or their presence in the perivitelline space (Kapur & Johnson, 1985) . The positive effect exerted by the oviduct cells may be non-specific because a small percentage of sheep embryos can develop to form blastocysts when co-cultured with sheep fibroblasts (Gandolfi & Moor, 1987) and early bovine embryos develop through the 8-16-cell stage in culture with trophoblastic vesicles (Camous et al, 1984) .
Once embryos compact the oviduct co-culture system appears to lack the essential nutrients or conditions for the embryo to increase rapidly in cell number as observed in vivo. The failure of the oviduct co-culture system to maintain an effect in the cleavage rates of morulae is not surprising given that at the time of compaction embryos pass from the oviduct to the uterus where they are exposed to a different environment. Indeed, Lavranos & Seamark (1989) have shown that in the mouse a greater percentage of cultured 8-cell embryos reached the blastocyst stage and developed outgrowths in a uterine co-culture system than in medium alone. Fischer (1987) has also shown that supplementation with uterine flushings or culture media markedly promoted cell proliferation in rabbit blastocysts as measured by [3H]thymidine incorporation. In conjunction with the rapid increase in cell number after compaction, embryos also undergo various metabolic changes; for example, they begin to utilize glucose as an energy source and increase amino acid uptake (Epstein, 1975; Flood & Wiebold, 1988) . Culture of post-compaction embryos in a simple medium such as BM permits similar development to the co-culture system and significantly better development than a more complex medium such as Medium E199 -I-10%GS. An amino acid or vitamin that is inhibitory to embryo development, as with hypoxanthine which arrests mouse embryo develop¬ ment at the 2-cell stage (Loutradis et al, 1987) , may be present in the complex medium and removed by the oviduct cells.
Our results further substantiate the conclusions of Gandolfi & Moor (1987) 
